Introduction

23
Road pavements are one of the most common forms of public infrastructure in the world, and 24 require continuous investments and improvements to stay serviceable. This is evident by the fact that 25 the U.S. public spends more than 184 billion dollars annually on maintaining and expanding the 26 pavement network (CBO, 2016) . In England, more than 15 billion pound sterling is planned to be 27 invested specifically to increase capacity and condition of the road network (UK Department for 28 Transport, 2014) . Furthermore, adaptation to global climate change is expected to create a need for a 29 significant increase in investments towards pavement maintenance (Chinowskya et al., 2013, Qiao et 30 al., 2015). These cases reflect substantial investments anticipated for road networks through 31 improvement, maintenance and rehabilitation of pavements. Therefore, a critical step in advancing 32 towards more sustainable infrastructure is to promote more sustainable pavement management 33 practices, which can be facilitated by defining performance measures for sustainability related to 34 paving activities and developing tools to evaluate sustainable performance. In light of this, the 35 objective of this paper is to present a review of current pavement sustainability assessment methods 36 and offer recommendations to develop an analytical approach to assess pavement sustainability for 37 decision support. 38
Given that pavements are material intensive assets, a large focus in pavement sustainability has 39 been on the use of recycled materials in road construction (Huang et al., 2007 , Hossain et al., 2016 . 40
Reducing the energy intensiveness of pavements has also been a focus of considerable research, 41 which has resulted in methods to lower asphalt manufacturing temperatures (Vidal et al., 2013) and to 42 substitute portland cement by partially replacing it with supplementary materials (Nassar et al., 2013) . 43 In order to quantify the impacts of resource consumption associated with pavements, several 44 pavement life cycle assessment (LCA) frameworks have been proposed (e.g., Loijos et al. (2013) Scoring a pavement project using the BE 2 ST-in-Highways system is a two-step procedure. 227
First, the criteria in the mandatory screening layer must be met; no points are awarded in this step. 228
Secondly, the relative improvement of the project as compared to a reference project is evaluated 229 across the nine metrics. The tool defines targets and points are awarded based on the achievement of 230 these targets. For example, a twenty percent reduction in greenhouse gas emissions in comparison to a 231 reference project is awarded two points. Of the reviewed pavement sustainability assessment tools, 232 BE 2 ST-in-Highways is the only tool that scores a project based on measurable outcomes of the project 233 from a systems perspective, as opposed to scoring a project based on the individual components of the 234 pavement system. 235 as the HTMA Sustainable Highway Maintenance Tool (HTMA, 2014) or the Transportation 238 Association of Canada Green Guide for Roads (Royal Roads University, 2014). In general, these 239 sustainability assessment tools are designed for road sustainability, although some may be used in 240 sustainability assessment regarding pavements. Furthermore, the structure and framework of these 241 tools are similar to the rating systems that were described, even though they may maintain goals and 242 audiences specific to the individual tool. 243
Discussion of Current Pavement Sustainability Assessment Tools
244
The benefit of each of the previously described sustainability assessment tools is that they are 245 accompanied by clear action steps relating to the sustainability objectives outlined in the tool and 246 these actions can be implemented in the design and construction of pavements. The structure of the 247 rating tools that were reviewed, along with many others not detailed in this paper, is a guided 248 framework to promote activities that are expected to result in more sustainable pavements, which is 249 beneficial to informing decision makers of sustainable practices (Johansson, 2011) . With the 250 exception of the BE 2 ST-in-Highways system, pavement sustainability assessment tools do not 251 measure resulting changes in environmental, social or economic burdens from a systems perspective. 252
Yet, although the BE 2 ST-in-Highways system measures outcomes from a systems perspective, the 253 criteria that it deems to contribute to sustainability are limited and are mainly environmental 254
indicators. The remainder of the tools are designed on the fundamental assumption that implementing 255 best practices represents progress towards more sustainable pavements; however, there is little regard 256 given to the system outcomes or the potential interactions or co-linearity between the impacts of 257 carrying out actions collectively. 258
Each of the sustainability assessment tools described previously connects practices that are 259 designed to represent improvements in sustainability to related goals. If practices are planned or 260 completed, points are awarded suggesting progress toward achieving the sustainability goal. The 261 implementation of practices effectively becomes an indicator for sustainable performance. This 262 process is problematic because practices may not be evaluated collectively, which has several 263 implications including developing assessments where some goals become implicitly more important 264 than others by potentially considerable margins. In other words, the set of actions taken (e.g., 265
increased recycling or decreased asphalt mixing temperature) will affect each project to a different 266 and unique extent. Without evaluating outcomes, the contribution of each action towards a specific 267 objective or goal is unknown. Additionally, there is an assumption that actions equate to outcomes.perspective, which is the case with the majority of pavement sustainability assessment tools. Towithout a systems theoretical framework to reflect the operation and viability of the total 274 system; (2) they always reflect the specific expertise and research interest of their 275 authors; (3) as a consequence of (1) and (2), they are overly dense in some areas 276 (multiple indicators for essentially the same concern), and sparse or even empty in other 277 important areas. In other words, they are not a systematic and complete reflection of the 278 total system, i.e., human society in interaction with its natural environment" (p. 12). 279
This helps to explain how some goals can be over emphasized. 280
As an example of the limitations of ad hoc evaluation, all of the tools that have been explored in 281 this paper include the increased use of recycled materials as an indicator towards more sustainable 282 road pavements. The main reasons for increasing recycled materials in pavements are: reduced 283 environmental impacts, reduced costs, reduced amount of virgin materials used (i.e. conservation of 284 resources), and reduced waste materials that require disposal, which also results in reduced land take. The majority of actions defined in pavement sustainability assessment tools are Responses that 316 are designed to reduce the Pressure that the pavement system generates on the natural environment, 317 society and economic budgets in order to produce a more sustainable state with fewer undesirable 318 Impacts. As opposed to evaluating the Impact that results from sustainable Responses (e.g., measuring 319 the reduction in global warming potential), modern pavement sustainability assessment tools treat the 320 implementation of the Responses as the indicator for sustainability. This implies that the relationships 321 between the Responses to individual Pressures and the changes in the State of surrounding systems 322 (e.g., the natural environment), or the Impacts of this change in state is monotonic, which, given the 323 highly complex nature of the interactions between the various systems where pressure is applied, may 324 not be a reliable assumption. 325
Continuing with the DPSIR framework, one example of developing Responses to address a 326
Pressure is the US legislation in 1991 that mandated the use of tire rubber in all new paving projects 327 that received federal funding by 1994 (Amirkhanian, 1993) . The legislation was a Response to the 328 Pressure generated by large amounts of waste tires stockpiled across the US creating a negative 329 Impact on the natural environment (Eldin & Piekarski, 1993) . This legislation, however, was expected 330 to increase costs of the pavement projects (Amirkhanian, 1993) , which would have a significant effect 331 on economic budgets. Legislation requiring the use of tire rubber in pavements is a simple example of 332 why the outcomes of practices for sustainable pavements should be viewed as a system as opposed toof sustainable systems cannot be accomplished by simply linking together a collection of domain 335 specific models" (p. 17). In order to assess the sustainability of pavements, the unexpected Pressures 336 or Impacts resulting from seemingly unrelated Responses must be assessed. A pavement should only 337 be considered more sustainable if the total system shows a reduction in negative pressures or negative 338 impacts to external systems, relative to common practice. 339
Finally, defining the system boundary is an essential step in an LCA study that helps to define 340 the study scope but also assists interpretation of the results by acknowledging what processes or 341 environmental impacts lie outside the study. Similarly, defining the 'total system' considered in a 342 broader sustainability assessment is an important step for the same reasons but in some pavement 343 sustainability rating tools, this step is missing, leaving the impression that the system is defined by the 344 indicators or metrics, rather than the other way around. Limitations are not acknowledged and 345 assumptions are not considered or declared. 346
Approaching a Systems View through Performance Management
347
This section presents an approach to viewing sustainability assessment from a more systematic 348 perspective, as well as a method for linking sustainability assessment to an agency's performance 349 management practices. Focusing on the system lends itself to the application of performance 350 management; the ongoing and systematic approach to improving outcomes by using evidence-based 351 decision making, continuous learning, and emphasizing accountability for performance. By adopting a 352 performance management approach, the Impacts of Responses towards sustainability objectives may 353 be evaluated. 354 framework is identifying strategic Goals and specific Objectives, which should then be used to guide 359 actions. In this case, the actions align with the Responses from the DPSIR framework; therefore, the 360
Responses to environmental impacts should react to sustainability Objectives and not directly to the 361 environmental stimuli. To achieve this, the performance management cycle identifies Performance 362
Indicators to evaluate the Response and its ability to meet a performance target or other criteria 363 regarding the associated Impact. The evaluation is conducted using data collected about the Impacts 364 and the results are assessed against the Objectives and used to adjust the Response. The iterative 365 process developed by integrating the DPSIR and performance management frameworks can evaluate 366 and adjust a Response to undesirable environmental Impacts based on sustainability Objectives and 367 therefore helps to assess the outcomes of the system. Furthermore, the demonstrated approach links 368 performance Targets directly to Responses and hence the State of the environment or its Impacts, 369 providing clarity in Target setting.
371 372
Figure 2 The DPSIR framework within a performance management framework to evaluate 373 system outcomes 374
As discussed in the previous section, the DPSIR model is a system-level framework for 375 considering environmental impacts that can help explain the interaction between system inputs -in 376 the form of Drivers, Pressures and environmental States -and project-level outcomes/impacts and 377 practices/responses. According to the DPSIR framework, the Response is determined based on the 378 Impact observed, or the outcome. The Response is the practice or strategy for addressing the Impact, 379 which is a result of the Drivers, Pressures and the environmental State. In this application, the 380
Response should be assessed for its ability to address Impacts to meet the sustainability policy 381 objectives. Many assessment tools use the Response in and of itself as the measure of sustainability as 382 opposed to measuring its effect on the Impact. The framework in Figure 2 also helps illustrate that the 383
Responses and the Indicators are not one and the same. The framework outlines that assessments 384 should create Performance Indicators with Targets, use data to evaluate the Impacts in relation to the 385 sustainability objectives, and then use this information to inform the pavement construction and 386 management strategies. This application creates a performance management cycle integrated with the 387 DPSIR model and provides a system framework to understand sustainability outcomes of project 388 outputs. Incorporating performance management draws connections between inputs, outputs and 389 outcomes by following the implementation of a strategy to evaluate performance in an iterative 390 fashion and then managing the strategy based on the results.
Demonstrating Sustainability Assessment Based on Performance Management
392
The example in Figure 3 demonstrates an aspect of a sustainability assessment based on the 393 performance management framework shown in Figure 2 . The Goal is a high-level aim such as 394 preserving the natural environment. The Objective follows and should be achievable and actionable. 395
For example, the Objective in Figure 3 is to conserve resources, and one Response to address this 396
Objective is to use recycled material in pavement construction and maintenance. Performance 397
Indicators reflect the Goals and Objectives and are preferably outcomes-oriented. For example, it is 398 useful to know the percent of recycled material used to meet the Objective; however, we want to 399 examine the outcomes of this Response, which is why the DPSIR framework is adopted. Some 400
Performance indicators for this case are energy consumption and GHG emissions from production and 401 transport of materials, virgin material use and waste diverted from landfills (to preserve land 402 resources) etc., perhaps with further indicators from evidence based assessments such as 403 consequential LCA to assess changes from current practice. These Performance Indicators, when 404 measured for a given project, provide information on outcomes and towards achieving the Objectives 405
and Goals. The evaluation of these indicators starts by setting Targets that may be based on models, 406 estimates, or past evidence. For example, the Target may be a maximum level of virgin material or a 407 percentage decrease in GHG emissions from material production. Finally, the measured results, based 408 on data acquired about the impacts, reflect outcomes that directly related to the Objectives. 409
The chosen Response (to increase the use of recycled materials), if successful, will change the 410 quality or State of the environment and available resources, and slow resource depletion, perhaps the 411 most obvious of the Impacts of the Pressure exerted by resource use. The Performance Indicators will 412 provide the evidence for this, although considering the broader system and potential Impacts might 413 identify where further evidence and Performance Indicators may be required. These might include 414 biodiversity measurements; although it may be decided that this is outside the scope of the Objective 415 stated here, it is likely to be within the scope of overall Goal. Identified Impacts outside the scope of 416 any Goals and Objectives should be recognized and acknowledged. While the Response chosen for 417 this example will mitigate the identified Pressure, a wider set of resources (e.g. fuels) should be 418 considered in a systematic approach. Finally, the Response will not affect the Driver, which is a result 419 of socio-economic demands that require transport policy responses, beyond those of pavement 
Defining Indicators of Sustainable Improvements in Pavements
424
The relationship between inputs, outputs and outcomes is important to understand in order to 425 address how outcomes can be evaluated by sustainability assessments. Inputs are resources used to 426 accomplish work (including money, people, materials, influence, knowledge, etc.). The work that is 427 accomplished, which results in products or services is referred to as outputs. Finally, outcomes are the 428 impacts of the work accomplished (i.e. outputs) on end users (Baird and Stammer 2000) . The ability 429 to measure outcomes relies on attributing them to outputs or other actions. As was discussed 430 previously, sustainability assessments are often not measuring outcomes; rather they are using 431
Responses to Impacts as proxies for outcomes, assuming that implementation of these Responses will 432 result in more sustainable outcomes. The evaluation of sustainable outcomes requires indicators, or 433 metrics, that measure performance outcomes that correspond to desired objectives. 434
To connect objectives of enhanced sustainability to Performance Indicators, a three tiered 435 objective hierarchy framework was developed (fundamental objective with two levels of means 436 objectives) that represents the strategic objectives (Figure 4) . These objectives can then be used to 437 guide road pavement projects and their use of materials and technologies to promote the strategic 438 sustainability objectives. The objective hierarchy framework sets maximizing sustainability as the 439 
Developed based on models and data
Results from evidence based assessment (e.g., LCA) conducted to determine impacts Is response adequate to meet the objective and targets?
answer specific questions regarding the achievement of goals. Given that sustainability assessment 442 tools for pavements are ultimately designed to enhance the decision-making process, a process similar 443 to that defined by Keeney (2007) was followed to develop an objective hierarchy. It is important to 444 note that systems designed for different purposes will have different hierarchies of objectives. For the 445 case of pavements, no decision is made about the geometry of the road; therefore the preservation of 446 ecosystems is associated with a different set of means objectives than if the road as a whole were 447 considered. The objective hierarchy is defined in Figure 4 and shows that the goal is to maximize 448 positive impacts towards each objective at the base of the hierachy. The base-level objectives are 449 derived from an aggregation of the objectives from the previously discussed sustainability assessment 450 tools and the core set of indicators set by the Organisation for Economic Co-operation and 451 
Development (OECD, 2003
Figure 4 Goal/Objective Hierarchy for Enhancing the Sustainability of Pavements 457
Three important points must be discussed about the development of the goal and objective 458 hierarchy as shown in Figure 4 and its implications. First, the analytical structure of any decision 459 problem is dependant not only on the fundamental goal, but also, it is highly dependent on the values 460 expressed by stakeholders. This is the rationale behind many agency-specific sustainability 461 assessment tools. To overcome this, at least in part, the means objectives were defined thoroughly and 462 broadly, accounting for the objectives revealed through the assessment tools that were reviewed.
positioning. Asking "Why is a healthy economy important?" may lead to an argument that a healthy 469 economy can facilitate better environmental decisions; however, decisions about the economy are 470 ultimately embedded within the human/social context. In other words, the natural environment is not 471 reliant on the economy independent of human involvement, but human capital uses economic tools to 472 develop the infrastructure through which it interacts with the natural environment. 473
Categorizing Impacts of Current Pavement Sustainability Assessment Tools
474
After defining an objective hierarchy, the next step is to define indicators to measure achievement 475 towards the goals. Ideally, each of the means objectives defined in Figure 4 would be processed 476 further into more fundamental objectives (e.g., healthy water could be further defined as minimizing 477 eutrophication, minimizing water use, etc.). This research however, leaves the means objectives 478 defined more broadly and instead provides indicators that can be used to assess progress towards more 479 sustainable pavements for the given means objectives. To do this, the indicators defined in the four 480 sustainability rating tools discussed previously (Greenpave, BE2ST-in-Highways, FHWA's INVEST 481 paving scorecard, and Greenlites) were collected, and the sustainable transportation categories 482 presented in Black (2004) The indicators from each of the sustainability assessment tools were collected and added to a 494 spreadsheet where they were categorized based on their impacts on the means objectives defined in 495 Figure 4 . Many of the indicators had primary impacts related to multiple objectives and were counted 496 in each of the objectives that they impact. Then the impacts were arranged across three spatial scales, 497 drawing upon standard practice in LCA impact assessment methods such as TRACI (Bare, 2011) and 498 supported by literature showing that some mechanisms (e.g., global warming potential) have global 499 effects, but other mechanisms (e.g., terrestrial acidification) have regionalized impacts (Huijbregts et  500 al., 2013). Finally, unlike the process used in Greenpave, not all of the indicators could be linked to 501 specific objectives, and therefore, all of the indicators defined in the sustainability assessment systems 502 could not be categorized within the set of means objectives. This discontinuity between indicators and 503 objectives highlights the need for an analytical assessment to address sustainable outcomes and its 504 potential to support an approach to pavement sustainability that promotes best practices. 505
Best practices have a place in sustainability assessments. For example, many pavement 506 sustainability assessment tools include an indicator relating to monitoring construction quality. This is 507 because having a construction quality management plan is expected to increase the probability of a 508 project meeting performance and cost goals, thus reducing the need for environmentally and 509 economically costly repairs. In this way, a well-managed asset is not necessarily a more sustainable 510 asset, but a well-managed asset can increase the probability that certain sustainability goals will be 511 achieved. This research does not include monitoring quality management of projects, or other best 512 practices as sustainability indicators, but it is recognised that such practices and activities may 513 improve the overall delivery of the project resulting in indirect sustainable outcomes. However, there 514 is no stated, direct link between quality management and sustainability objectives or outcomes in the 515 tools and as a result, these indicators fall outside the framework developed here. To do so, the quality 516 measure (e.g., initial roughness) would need to be linked to an outcome (i.e., reduced fuel 517 consumption and hence resource use or GHG emissions). 518
Similar to how impacts can be arranged across spatial scales, impacts vary across time and can be 519 organized across temporal scales as well. For example, construction noise occurs over a short time 520 frame whereas climate change occurs over an extended time frame. Additionally, impacts may affect 521 multiple objectives across multiple timescales. For example, indicators linked to healthy soils and 522 plants for a relatively short timescale (e.g., terrestrial acidification that can be recoverable) may 523 impact food growth in future generations, which has impacts on social objectives. Also, it is well 524 established that climate change will have an impact on human health (Goedkoop et al., 2009 ), as well 525 as significantly impact healthy communities by affecting food growth (Leclère et al., 2014) over a 526 long timescale. Pavements are typically long-lived because they undergo progressive M&R rather 527 than being entirely replaced, so their end-of-life is difficult to define. However, aligning the impacts 528 with different timescales introduces substantial uncertainties. Fortunately, if all else is equal, it is not 529 expected that a reduction in impacts over a short time frame will lead to negative outcomes in future 530 objectives, thus, the indicators in this paper will not address temporal scales and will focus on spatial 531
divisions. 532
The objectives of the pavement sustainability assessment tools were distilled into their most basic 533 impacts, and with input from several impact assessment sources, they were used to generate Table 1 . 534
Indicators from the assessment tools were not included in Table 1 if they showed no direct impact or  535 if an action evidenced no change towards fulfilling objectives. For example, it is noted in Eisenman 536 (2012) that there is no evidence that simply conducting an LCA, which is awarded two points in the 537
Greenroads system, will lead to a more environmentally-friendly final outcome. A similar statement 538 can be made about LCCA or Environmental Review Processes when it is not required that the 539 decision makers compare multiple alternatives in an attempt to improve the anticipated outcomes. 540
Still, several criteria in Table 1 can be calculated directly by using pavement LCA tools or impact 541 assessment methodologies. The remaining indicators -LCCA, queueing analysis, community 542 outreach, construction and traffic noise, crash risk reduction and runoff quality -are evaluated using 543 other means. There are several standardized methods for LCCA and queuing analysis (e.g., Realcost 544 (FHWA, 2004) ). The US FHWA has released methods for noise related measurements (FHWA, 545 2015a) and crash risk reduction can be defined in terms of increased pavement friction, which is 546 related to the expected number of crashes on a roadway (e.g., Hall et al., 2009 ). Runoff quality can be 547 estimated using a number of widely available methods (FHWA, 2015b 
Healthy Economy
Life Cycle Cost Analysis n/a n/a = not applicable 552
Within pavement LCA, output flows of pollutants are estimated, and then translated into impacts 553 in terms of how the pollutants affect particular systems (i.e., mid-point indicators), or how the changes 554 to the system ultimatley impact more fundamental objectives, such as impact on human health (i.e., 555 end-point indicators). For a more thorough discussion on the differences in pollutant flows, mid-pointecosystem and human health concerns (Goedkoop et al., 2009) There are instances in Table 1 where objectives are limited to one or two spatial scales; these 566 objectives are labeled "n/a" for scales that are not applicable. For example, the depletion of energy 567 resources is not expected to have local or regional indicators because the impact is at the global scale, 568 given that energy resources are traded on a global market. 569
Healthy Economy in Table 1 is defined by LCCA, but as discussed in Jorgensen et al. (2010), 570 costing methods may not be the best approach for including economic impacts in sustainability 571 assessments. The economy is a reactionary system, and the impacts of road construction on long-term 572 economic outcomes are highly uncertain. Although it is true that the relationship between roads and 573 economic prosperity has been evidenced in the literature (e.g., Bryceson et al., 2008) , it is also 574 anticipated that in the near future higher costs will be required to mitigate negative effects of global 575 climate change, which are also directly impacted by the density of road infrastructure (Chinowskya et 576 al., 2013). Therefore, minimizing LCCA results may not be the best approach to a healthy economy; 577 however, in the absence of a more appropriate method for measuring healthy economic impacts, 578 LCCA can provide useful information for decisions based (at least partly) on economic outcomes. 579
Linking to Sustainability Assessment
580
As previously discussed, it was found that the majority of pavement sustainability assessment 581 methods recommend a set of best practices (Responses) that are expected to increase the level of 582 sustainability of pavements. Generally, it is assumed that this will be achieved by improving the State 583 of the environment in some respect(s) and hence reducing adverse Impacts (e.g., reducing GHG 584 emissions and hence their concentration in the atmosphere, leading to reduced GWP and the projected 585 Impacts on environmental and human health) although this is best done at a system level. Some 586 practices, or Responses, may also be considered to reduce Pressure on the environment (e.g., by 587 reducing land take through reduced use of materials) although the relationship between the Response 588 and the Pressure in this case is unlikely to be simple. Few Responses suggested in pavement 589 sustainability rating tools address Drivers but these are usually considered at a transport network or 590 policy level (e.g., transport demand). 591
There may be several cases, however, where a practice that improves one component of the 592 pavement system adversely affects other components of the system. As an example, we evaluate the 593 case of a 10 cm mill and overlay on a 3.6 m wide lane that is 5 km long. The mix data and basicpavement (RAP) where the aggregates must be transported 10 km to the plant and the mix 10 km to 597 the site, and the other mix contains 20 percent RAP where the aggregates must be transported 10 km 598 to the plant and the mix 89 km to the site. Assuming each pavement has an international roughness 599 index after construction of less than 0.65, the first mix (10 percent RAP) will result in a pavement that 600
is not rated as sustainable using the Greenpave procedure. The second mix (20 percent RAP) will be 601 labelled Bronze using the Greenpave procedure. With all else equal, the mix with 20 percent RAP 602 improves mineral resource depletion and land-take metrics by reducing material use and reducing the 603 amount of waste materials needing disposal. Yet when an LCA was conducted using the ECO-604 comparator applied to Road Construction and Maintenance (ECORCE M; Dauvergne et al., 2014) , it 605 found that emissions, energy consumption and ecotoxicity values, among other criteria, were made 606 significantly worse for the case rated Bronze by Greenpave (Table 4) . Without an evaluation of how 607 system Impacts are affecting the Objectives (see Figure 2) 
Conclusions
617
The simplified example in the previous section highlights a need for an analytical framework to 618 measure pavement sustainability. Although simplifications can be made in order to develop a list of 619 best practices for more sustainable pavements or a set of metrics to detect progress towards 620 sustainable pavements, assumptions should not be made regarding the overall state of the system and 621 sustainable outcomes. Improved performance measured by some indicators may lead to poorer 622 performance as measured by others; therefore, trade-offs should only be evaluated for the final state 623 of the pavement. These systems trade-offs can begin to be made by weighting the performance 624 indicators based on the most important outcomes with respect to stated objectives (similar to the 625 BE 2 ST-in-Highways system). Then the most sustainable solution can be defined as the one that best 626 addresses the objectives as determined through the rating assessment. 627
The current state of pavement sustainability assessment tools relies mainly on best practices, which 628 are expected to increase the sustainability of pavements (e.g., promoting recycling or long life roads). 629
Although these practices are generally expected to reduce the environmental impacts or life cycle 630 costs associated with a project, it should not be assumed that these practices will necessarily result inpavement design will influence several other aspects of the system. Based on this understanding, a 633 systematic framework should be employed to measure the changes in sustainability outcomes 634 resulting from decisions made regarding pavement design, construction and use. 635 A more systematic framework for assessing changes in pavement sustainability was presented in 636 this paper in an effort to improve the current state of pavement sustainability assessment, as well as to 637 link sustainability assessment to performance management. Sustainability tools that promote best 638 practices are important to engineering design and management, but data-driven, performance-based 639 assessments are useful to support and improve decision-making for sustainable outcomes. An agency 640 that wishes to promote recycling as a way to reduce environmental impacts should attempt to estimate 641 those environmental impacts rather than simply working on assumptions. Analytical approaches for 642 sustainability assessments can be used alongside a best-practice-based approach to verify decisions 643 made and promote pavement sustainability. 644
Pavements perform a critical role in the transportation sector, essentially connecting the movement 645 of people and goods to the natural environment. Given the extent of pavements throughout developed 646 countries and the development of sustainability science in recent years, it is clear that pavement 647 sustainability plays a critical role in promoting more sustainable societies. The implementation of best 648 practices for promoting more sustainable pavements can be improved by assessing their resulting 649 outcomes using an analytical, decision-support tool, based on the methodology presented in this 650
paper. This can greatly influence the environmental, economic and social impacts resulting from 651 pavement construction and maintenance towards more sustainable outcomes. 652 
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